In Saccharomyces cerevisiae, AMP biosynthesis genes (ADE genes) are transcriptionally activated in the absence of extracellular purines by the Bas1p and Bas2p (Pho2p) transcription factors. We now show that expression of the ADE genes is low in mutant strains affected in the first seven steps of the pathway, while it is constitutively derepressed in mutant strains affected in later steps. Combined with epistasy studies, these results show that 5-phosphoribosyl-4-succinocarboxamide-5-aminoimidazole (SAICAR), an intermediate metabolite of the pathway, is needed for optimal activation of the ADE genes. Two-hybrid studies establish that SAICAR is required to promote interaction between Bas1p and Bas2p in vivo, while in vitro experiments suggest that the effect of SAICAR on Bas1p-Bas2p interaction could be indirect. Importantly, feedback inhibition by ATP of Ade4p, catalyzing the first step of the pathway, appears to regulate SAICAR synthesis in response to adenine availability. Consistently, both ADE4 dominant mutations and overexpression of wild-type ADE4 lead to deregulation of ADE gene expression. We conclude that efficient transcription of yeast AMP biosynthesis genes requires interaction between Bas1p and Bas2p which is promoted in the presence of a metabolic intermediate whose synthesis is controlled by feedback inhibition of Ade4p acting as the purine nucleotide sensor within the cell.
In Saccharomyces cerevisiae, biosynthesis pathways are generally negatively regulated by their end product. This regulation usually occurs at two distinct levels, feedback inhibition of an enzyme of the pathway (commonly the first one) and coordinate repression at the transcriptional level of the genes encoding enzymes of the pathway.
Studies on the regulation of the purine biosynthesis pathway in S. cerevisiae revealed that all the genes encoding enzymes required for AMP de novo biosynthesis are repressed at the transcriptional level by the presence of extracellular purines (adenine or hypoxanthine) (6, 7, 10, 23) . Two transcription factors, named Bas1p and Bas2p, are required for regulated activation of the ADE genes (6) as well as some histidine biosynthesis genes (2, 7, 35) . A LexA-Bas1p fusion can activate a lexAop-lacZ reporter in the presence of Bas2p and in the absence of adenine, suggesting that the regulation process affects the interaction between the two transcription factors (44) . A Bas1p subdomain, named BIRD, was identified as being critical for adenine response and Bas1p-Bas2p interaction in vivo (29) . However, our understanding of how this domain senses and responds to extracellular adenine is still incomplete.
Our previous work on mutants in which purine biosynthesis genes are no longer repressed by extracellular adenine allowed us to better understand the molecular nature of the signal (13) . These mutations, named bra for bypass of repression by adenine, define more than nine complementation groups, several of which have been characterized. BRA7 is FCY2, the gene coding for the purine cytosine permease ( Fig. 1) (13) . BRA6 is HPT1, the gene encoding hypoxanthine-guanine phosphoribosyltransferase (13) , and BRA3 is GUK1, the GMP kinase-encoding gene (21) . BRA1 is ADE13 and BRA9 is ADE12, encoding adenylosuccinate lyase and adenylosuccinate synthase, respectively. From these data we proposed that for repression of the ADE genes, adenine has to enter the cell and be metabolized to AMP via formation of hypoxanthine and IMP (Fig. 1 ). Finally, we have shown that AMP needs to be phosphorylated into ADP to exert its regulatory role (13) .
To get a more complete view of AMP biosynthesis regulation in a eukaryotic organism, we have now characterized the remaining three complementation groups (bra2, bra4, and bra5) and six dominant mutations. Additionally, a systematic analysis of the role of each of the de novo pathway genes in their own transcriptional regulation revealed a feedback loop linking the previously characterized ADP signal to a metabolic intermediate in the pathway which activates expression of the ADE genes by affecting the interaction between Bas1p and Bas2p.
MATERIALS AND METHODS
Yeast strains and media. Yeast strains are listed in Table 1 . Strain Y744 is a ura3 segregant from the original prototrophic PUR6 mutant (1) mated to the wild-type PLY122 strain. Strain Y1095 (ade16 ade17) was constructed by mating the Y11583 and Y06561 strains. After sporulation of the resulting diploid, nonparental ditype tetrads containing two spores that were geneticin resistant and auxotrophic for adenine and two spores that were geneticin sensitive and prototrophic for adenine were identified. Results obtained with one such spore, named Y1095, that was both geneticin resistant and an adenine auxotroph are presented in this work, although several other double mutant spores were tested and behaved similarly. Strain Y1124 (ade2) was obtained by sporulating the diploid strain Y22384. Among the resulting spores, ade2 spores were identified by their red color, adenine auxotrophy, and geneticin resistance. One of these spores, named Y1124, isogenic to the wild-type strain BY4742, was used in this work. Strain Y1161 (ade1 homozygous diploid) was constructed by mating strains Y00414 and Y10414. Strain Y1168 (bas1 ade5,7) was constructed by mating strains Y16015 and Y04601. After sporulation of the resulting diploid, nonpa-rental ditype tetrads containing two geneticin-resistant spores and two geneticinsensitive spores were identified. One such spore, named Y1168, that was both geneticin resistant and auxotrophic for adenine was used in this work. Several other double mutant spores were tested and behaved similarly. Yeast media (YPD, SC, and SD) were prepared according to Sherman et al. (34) . SD casa medium is SD supplemented with 0.2% (wt/vol) casamino acids (Difco Laboratories).
Plasmids. P79 is a URA3 centromeric plasmid carrying the BAS1 gene in the Ycp50 backbone (30) . B273 is a URA3 centromeric plasmid carrying the BAS1-BAS2 fusion (29) . Plasmids used in the two-hybrid experiments have already been described. pSH18-34 is a 2m URA3 plasmid carrying the lexAop-lacZ reporter (14) . pEG202 is a 2m HIS3 plasmid carrying lexA (12) . p2099 is a 2m HIS3 plasmid carrying a lexA-BAS1 fusion (44) , and pSH17-4 is a 2m HIS3 plasmid carrying a lexA-GAL4 fusion (15) . B354 is a centromeric LEU2 plasmid carrying a BAS2-VP16 fusion (29) .
Plasmids used for overexpression of ADE genes are derivatives of YEp13 (4). YEp13:(ADE1)1 (5), pYeADE5,7(5.2) (16), pPM13 (23) , and P1199 (laboratory collection) are LEU2 2m plasmids carrying ADE1, ADE5,7, ADE4, and ADE17, respectively. P1933, the plasmid carrying the Tet-ADE4 fusion, was constructed as follows. A 1,536-bp fragment carrying the ADE4 coding sequence was amplified by PCR from yeast genomic DNA using synthetic oligonucleotides 429 (5Ј-AAACTGCAGTCAATAATCTGCACAATTATATAATC-3Ј) and 48 (5Ј-C GCGGATCCAAATGTGTGGTATTTTAG-3Ј). The PCR product was cut with BamHI and PstI and introduced into pCM189 (9) that had been linearized with BamHI and PstI.
Complementation of bra2-2 mutation. An ADE17-TPK2 fusion was constructed by successive cloning of TPK2 and ADE17 in pSK (Stratagene). A PCR fragment carrying the TPK2 coding sequence was amplified with oligonucleotides 184 (5Ј-CGCGGATCCATGGAATTCGTTGCAGAA-3Ј) and 185 (5Ј-GCTCT AGATGAATCTCTAAGATCTA-3Ј). The PCR fragment was then restricted with EcoRI and XbaI and inserted in pSK linearized with the same enzymes. The resulting plasmid (named P1540) was linearized with EcoRI and KpnI and used to insert the ADE17 promoter region amplified from P753 (ADE17-lacZ-carrying plasmid [7] ) with oligonucleotides 102 and 310 and cut with EcoRI and KpnI. In the resulting plasmid (P1548), the TPK2 coding region is placed under control of ADE17 transcription signals. The sequences of oligonucleotides 102 and 310 were 5Ј-GCAGCGAGTCAGTGAGCG-3Ј and 5Ј-GGAATTCCATATTTGAT GGTGATATG-3Ј, respectively. Finally, an XbaI-KpnI restriction fragment carrying the ADE17-TPK2 fusion was cloned in the YEplac181 LEU2 2m vector (11) . The resulting plasmid, named P1721, was used to clone the bra2 mutants.
Since overexpression of TPK2 is lethal (26) , the ADE17-TPK2 plasmid is toxic. Toxicity was only observed in the absence of adenine when expression of TPK2 was high, while ADE17-TPK2-transformed cells were able to grow in the presence of adenine (repression conditions). In the bra mutants, ADE17-TPK2 was toxic both in the absence and in the presence of adenine. The bra2-2 mutant was cotransformed with the ADE17-TPK2 plasmid and with a genomic library constructed in the pFL38 vector (kind gift from F. Lacroute). Cotransformants able to grow in the presence of adenine were tested further, and plamid DNA was extracted from those unable to grow in the absence of adenine, i.e., behaving like the wild type. Indeed, one plasmid that was able to complement the bra2-2 mutation was isolated (P1813). This plasmid carries a 3,074-bp insert containing 726 bp upstream and 897 bp downstream of ADE13, which is the only complete open reading frame in this insert.
Linkage analyses. Linkage between bra2 and ADE13 was established using a wild-type strain carrying the LEU2 marker inserted at the ADE13 locus (Y610). This strain was crossed to the bra2-2 mutant carrying an ADE1-lacZ plasmid. The resulting strain was sporulated, and 21 tetrads were analyzed. In all tetrads, the Bra phenotype, monitored by the lacZ fusion, segregated 2:2 and all adeninederepressed spores were Leu Ϫ . bra2 and ADE13 are therefore tightly linked. Similar linkage analysis was done with bra4-2 and bra5-2. In both cases, the Bra phenotype was found to segregate 2:2 in the cross in 20 and 21 tetrads, respectively. As in the case of bra2, constitutive expression of the ADE1-lacZ fusion always cosegregated with the Leu Ϫ phenotype, demonstrating the tight linkage between bra4, bra5, and ADE13.
Three dominant purine-excreting mutants (named 128, 131, and 133) were crossed to the ade4 knockout strain, and the meiotic progeny were analyzed. In all tetrads (15, 13, and 16, respectively) the two geneticin-sensitive spores were excreting purines in the medium, demonstrating that these mutations are tightly linked to ade4. The BRA11-1 mutant was crossed to the two remaining dominant purine-excreting mutants, named 215 and 225 (13) . In both cases, all spores in the meiotic progeny were excreting purines into the medium (16 and 17 tetrads tested, respectively). Therefore, the mutations in all six dominant BRA mutants excreting purines are tightly linked to ADE4. lacZ fusions and ␤Gal assays. The lacZ fusions used in this study have been described previously (6, 13) . P115 is a plasmid carrying an ADE1-lacZ fusion in the 2m URA3 vector YEp356R (25) . P473 is a plasmid carrying an ADE1-lacZ fusion in the 2m LEU2 vector YEp367 (25) . ␤-Galactosidase (␤Gal) assays were performed as described by Kippert (18) on cells grown for 6 h in the presence or absence of adenine. ␤Gal units are defined as [(optical density at 420 nm [OD 420] ϫ 1,000)/(OD 600 ϫ minutes ϫ milliliters)]. In each experiment, at least two independent ␤Gal assays were performed, and each assay was done on three independent transformants. The variation between assays in each experiment was Ͻ20%.
HPLC analysis of excreted purine compounds of BRA11-1 mutant. Wild-type and BRA11-1 strains were grown in adenine-and uracil-free SC medium. Cells were then harvested, and the medium was filtered. Separation of purine compounds of the medium was achieved by high-pressure liquid chromatography (HPLC) using a Supelcosil LC-18 5-m reversed-phase column with a step gradient set up with buffer 1 (0.01 M KH 2 BRA11-1 mutant strain growth medium were confirmed by treating the growth medium for 60 min at 37°C with either purine nucleoside phosphorylase (Sigma; 0.01 U/ml) or xanthine oxidase (Sigma; 0.01 U/ml), which metabolize inosine to hypoxanthine and hypoxanthine to uric acid, respectively.
Western blot analyses. Total yeast protein extracts were made as described previously (19) . Proteins were separated by 10% Tris-glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and Western blot analysis was done as described (29) , using anti-Bas2p (diluted 1:25,000; kind gift from O. S. Gabrielsen) or purified anti-Bas1p (diluted 1:1,000 [29] ) as primary antibodies and peroxidase-conjugated anti-rabbit immunoglobulin G (IgG; diluted 1:10,000, Pierce) as the secondary antibody.
Glutamine PRPP amidotransferase (Ade4p) activity determination. Yeast strain Y00888 (ade4) was transformed with either plasmid p1933 or pCM189, containing and not containing the ADE4 gene, respectively. Cells (400 ml) were grown to an OD 600 of 1 in SD casa medium (containing tryptophan and adenine), harvested by centrifugation, rinsed with 2 ml of buffer A (24) , and finally resuspended in 2 ml of the same buffer. Glass beads (3 g) were added, and cells were disrupted by four vigorous vortexing cycles for 1 min at room temperature, followed by 2 to 3 min of incubation on ice. Supernatant was transferred in a 2-ml Eppendorf tube. Beads were rinsed with 2 ml of buffer A, and the second supernatant was combined with the first one. Samples were centrifuged for 10 min at 20,000 ϫ g and 4°C, pellets were discarded, and supernatants were dialyzed for 1 h against buffer A (4 liters). Protein concentration was measured after dialysis using the Bio-Rad protein assay kit. Extracts usually contained about 8 mg of proteins/ml.
Glutamine 5-phosphoribosyl-1-pyrophosphate (PRPP) amidotransferase activity was then determined by measuring the initial rate of glutamate formation as described (24) in either the presence or absence of nucleotides. For each determination, a control reaction was done in the same conditions but in the absence of PRPP. Measurements were done with 500 to 600 g of total yeast protein extract per assay for 10 min at 37°C. The reaction was stopped by 2 min of incubation at 100°C. The glutamate formed was measured by the glutamate dehydrogenase method. Aliquots of the first reaction (100 l) were transferred in a spectrophotometer cuvette containing 400 l of buffer B (KH 2 PO 4 /K 2 HPO 4 , 0.12 M [pH 8] containing NADP, 1.1 mg/ml, and glutamate dehydrogenase, 2.6 U/ml). Absorbance was recorded for 10 min at room temperature. In these conditions, the reaction is linear up to consumption of 200 nmol of glutamate. 
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This work 32 P]dATP (400 Ci/mmol) with oligonucleotides 125 (5Ј-CGCCCCGTCGGTAG-3Ј) and 126 (5Ј-AGTTCAAGCCCATCGC-3Ј). The 22-bp oligonucleotide probe was obtained by labeling oligonucleotides 463 (5Ј-GTGCCGACTGACTCGTGTCCTG-3Ј) and 464 (5Ј-CAGGACACGAGTCA GTCGGCAC-3Ј) with T4 polynucleotide kinase (Promega) in the presence of 10 l of [␥-
32 P]ATP. Protein purification and electrophoresis mobility shift assays were performed as described previously (30, 40) .
RESULTS
Mutations of bra2, bra4, and bra5 complementation groups are complementing alleles of ADE13. A plasmid complementing the bra2-2 mutation was isolated by rescuing the toxicity of an ADE17-TPK2 fusion in the presence of adenine (see Materials and Methods for details). Sequencing of both ends of the plasmid insert revealed that it carries a 3-kb insert containing the ADE13 gene. This plasmid fully complemented the derepressed phenotype of the bra2-2 mutation and also complemented other bra2 alleles (see, for example, bra2-3, in Fig.  2) . ADE13 was previously shown to complement the bra1 and bra8 mutations (13) . Linkage between bra2 and ADE13 was then established (see Materials and Methods for details). We conclude that bra2 mutants define a new case of intragenic complementation at the ADE13 locus.
Since bra4 and bra5 mutants share several phenotypes with bra2 mutants (13) we suspected that they could also be alleles of ADE13. Indeed, we found that bra4-2 and bra5-2 were fully complemented by an ADE13 centromeric plasmid (Fig. 2) . Linkage analysis was done as detailed in Materials and Methods and demonstrated tight linkage between bra4, bra5, and ADE13. Finally, adenylosuccinate lyase activity was found to be strongly impaired in the bra2-3, bra4-2, and bra5-2 mutants (data not shown). Therefore the three previously uncharacterized bra complementation groups (bra2, bra4, and bra5) correspond to complementing alleles of the ADE13 locus.
These data complete our study of the recessive mutations of the bra1 to bra9 complementation groups. These mutations affect five different genes: ADE13 (bra1, bra2, bra4, bra5, and bra8), GUK1 (bra3), HPT1 (bra6), FCY2 (bra7), and ADE12 (bra9) (Fig. 1) (13, 21) . Since several mutants were found in most of these complementation groups, we believe that the screen was reasonably exhaustive. An intriguing observation emerging from the whole data set was that most of the ade13 mutants in the bra1, bra2, bra4, bra5, and bra8 complementation groups belong to a specific class of mutants previously named class 3 mutants (13) . In these mutants, expression of the ADE genes is higher than in the wild-type strain under both repression and derepression conditions (presence and absence of adenine, respectively; Fig. 2) .
Why should expression of the ADE genes increase in the ade13 mutants? We previously proposed (see discussion in reference 13) that this specific behavior of ade13 mutants could reflect the fact that Ade13p catalyzes two steps in AMP synthesis, the eighth step of IMP synthesis and the last step of AMP synthesis ( Fig. 1 ) and thus participates in both de novo purine synthesis and salvage pathways. We therefore tested whether an interruption of the de novo pathway upstream from ade13 would result in a similar phenotype.
Synthesis of metabolic intermediate SAICAR is critical for ADE gene expression. Expression of the ADE1-lacZ fusion was monitored in a set of isogenic strains each carrying a deletion of a specific ADE gene encoding one of the first seven steps of IMP biosynthesis (ade4 to ade1; Fig. 1 ). Since these mutants are auxotrophic for adenine, expression of the fusion could not be monitored in the absence of adenine. We therefore used a low adenine concentration (0.025 mM), which sustained growth of the auxotrophic strains during the 6-h shift but was not high enough to induce repression in the wild-type strain (Fig. 3A) . Expression of the ADE1-lacZ fusion was very low in the ade mutants with mutations affecting the first seven enzymes of the pathway and was not efficiently induced at low adenine concentrations (Fig. 3A) . This result suggested that, in these mutants, something required for activation of the ADE genes by Bas1p and Bas2p was missing even under adenine starvation conditions.
To get a complete picture of the role of the IMP synthesis pathway on ADE gene regulation, we then investigated mutations further downstream in the pathway. Mutations affecting the three final steps of IMP synthesis were studied (Fig. 1) . Since deletion of ADE13 strongly affects growth, expression of ADE1-lacZ was measured in the bra2-2 mutant and isogenic wild-type strain (Fig. 3B) . In this mutant and in all ade13 mutants tested, expression of ADE1-lacZ was derepressed, suggesting that these mutants accumulate something required for activation of the ADE genes. Finally, the effect of mutations affecting the two final steps was studied. These steps are catalyzed by bifunctional enzymes encoded by the ADE16 and ADE17 genes, and knockout of both genes is required to obtain an adenine auxotrophic mutant (39) . Expression of ADE1-lacZ measured in the double knockout is presented in Fig. 3C . As in the ade13 mutants, expression was fully derepressed, suggesting that the double mutant accumulates something required for activation of the ADE genes. Furthermore, the high -2) , and the isogenic wild-type PLY122 were cotransformed with a plasmid carrying the ADE1-lacZ fusion (P473) and a plasmid carrying the ADE13 gene (P1813) or the corresponding empty centromeric vector (pFL38, lanes Ϫ). ␤Gal assays were performed after growth for 6 h in SC medium in the absence (low ade) or presence (high ade) of adenine (0.3 mM), as described in Materials and Methods.
level of ADE1-lacZ expression in the ade16 ade17 auxotrophic mutant clearly demonstrated that the low expression of the fusion in the other ade mutants was not due to their adenine auxotrophy.
Altogether, these data strongly suggest that blocking the synthesis of SAICAR by invalidating one of the first seven steps of IMP synthesis results in a lack of activation of the ADE1-lacZ fusion while impairing the last three steps by mutations in either ADE13 or ADE16 and ADE17 results in constitutively derepressed expression of the fusion. These results point to SAICAR (and possibly AICAR; see Discussion section) as an important molecule in the signal transduction process (Fig. 1) . A prediction from this hypothesis is that mutations in the first part of the pathway should be epistatic to mutations in the second part.
An ade2 ade13 (bra1-2) double mutant was constructed by mating isogenic ade2 and ade13 mutant strains L3852 and 213 and sporulating the resulting diploid. Ten tetrads were obtained, and expression of an ADE1-lacZ fusion was measured in the four spores of each tetrad. In each tetrad, the two ade2 spores were identified by their typical red color and auxotrophy for adenine. In all 10 tetrads, the two ade2 spores showed constitutively repressed expression of ADE1-lacZ. Results obtained for a tetratype are presented in Table 2 . As expected, the ade2 ade13 spores have the same repressed phenotype as the ade2 ADE13 spores, and this phenotype is abolished by transformation with an ADE2 CEN plasmid (pASZ11 [37] ).
These results clearly show that ade2 is epistatic to ade13. Therefore, the deregulation observed in the ade13 mutants, presumably due to accumulation of SAICAR, is prevented when synthesis of SAICAR through the de novo pathway is abolished by the upstream ade2 mutation.
Synthesis of SAICAR is correlated to Bas1p Bas2p interaction in vivo. The molecular mechanism of adenine repression of the ADE genes is thought to involve an alteration of Bas1p-Bas2p interactions (29, 44) . Our data presented above now suggest that SAICAR is required for expression of ADE1-lacZ, possibly by favoring Bas1p-Bas2p interaction. The link between production of this metabolic intermediate and interaction of Bas1p and Bas2p was investigated. First we took advantage of a Bas1p-Bas2p fusion protein previously shown to activate transcription of ADE1-lacZ independently of adenine FIG. 3 . Effect of mutations in IMP biosynthesis genes on expression of ADE1-lacZ. Yeast strains transformed with a plasmid carrying the ADE1-lacZ fusion (P115) were grown for 6 h in SD casa medium containing adenine at either a low (0.025 mM, low ade) or high concentration (0.3 mM, high ade), and ␤Gal activity was then measured as described in Materials and Methods. The following strains were used: (A) BY4742 (wild type), Y10888 (ade4), Y14601 (ade5,7), Y14244 (ade8), Y14691 (ade6), Y1124 (ade2), and Y10414 (ade1); (B) PLY121 (wild type) and 124 (ade13); (C) BY4742 (wild type) and Y1095 (ade16 ade17). Strains used in each panel are isogenic. The 10 steps of IMP biosynthesis are schematically represented at the top of the figure. 4A) , showing that the absence of SAICAR synthesis in the ade5,7 mutant does not affect activation by the fusion. On the contrary, expression of Bas1p alone in the bas1 ade5,7 mutant resulted in a constitutively repressed phenotype (Fig. 4A) . Finally, expression of Bas1p in the bas1 ADE5,7 strain led to adenine-regulated expression of the ADE1-lacZ fusion (Fig.  4A) . Thus, a covalent interaction between Bas1p and Bas2p can bypass the requirement for the metabolic intermediate. Second, using a two-hybrid approach, interaction between LexA-Bas1p and Bas2p was assayed in various genetic backgrounds by monitoring expression of a lexAop-driven reporter gene in vivo. As shown in Fig. 4B , in the bas1 strain, expression of lexAop-lacZ relies on the presence of LexA-Bas1p and was much more efficient at a low adenine concentration. In the bas1 ade5,7 strain, lexAop-lacZ expression was low at both high and low adenine concentrations, while the amount of LexABas1p and Bas2p was not affected (Fig. 4C) . Therefore, the ade5,7 mutation leading to low expression of ADE1-lacZ (Fig.  3A) impaired the LexA-Bas1p/Bas2p interaction in vivo (Fig. 4B) . In these experiments, activation by LexA-Bas1p was strictly dependent on the presence of Bas2p (data not shown).
A similar two-hybrid approach was used to evaluate Bas1p-Bas2p interaction in constitutively derepressed mutants. Since these mutants carry the wild-type BAS1 gene, we coexpressed a BAS2-VP16 fusion to avoid competition for Bas2p between endogenous Bas1p and LexA-Bas1p. Indeed, such competition was observed in our strains (data not shown) and was previously reported by Zhang et al. (44) . As expected, in the wildtype strain interaction between LexA-Bas1p and Bas2p-VP16 was strong in the absence of adenine and low in the presence of adenine (Fig. 5A) . The same protein interaction monitored in a bra2-2 (ade13) or BRA11-1 strain (see next section) was high in both the presence and absence of adenine (Fig. 5A) , showing that the LexA-Bas1p/Bas2p-VP16 in vivo interaction tightly reflected ADE gene expression (Fig. 5B) .
In the same experiment, expression of lexAop-lacZ driven by LexA-Gal4p was totally insensitive to adenine and mutations in the ADE pathway (Fig. 5A) . Therefore, these two-hybrid studies further substantiate the role of SAICAR in promoting interaction between Bas1p and Bas2p in vivo. In this hypothesis, the regulation by adenine of ADE gene transcription would operate by modulating the amount of SAICAR, and we therefore intended to find out how SAICAR synthesis is regulated in yeast cells. We reasoned that a mutation that makes FIG. 4 . Effect of an ade5,7 mutation on transcriptional activation by a Bas1p-Bas2p fusion and on interaction between LexA-Bas1p and Bas2p. Yeast strains were cultured on SC medium supplemented with adenine at either a low (0.025 mM, low ade) or high adenine concentration (0.3 mM, high ade). ␤Gal assays were performed as described in Materials and Methods. (A) Strains Y06015 (bas1 ADE5,7) and Y1168 (bas1 ade5,7) were cotransformed with a plasmid carrying the ADE1-lacZ fusion (P473) and either a control plasmid (YCp50) or the same plasmid carrying BAS1 (P79) or a BAS1-BAS2 fusion (B273). (B) Strains Y06015 (bas1 ADE5,7) and Y1168 (bas1 ade5,7) were cotransformed with a plasmid carrying the lexAop-lacZ fusion (pSH18-34) and a plasmid carrying either a lexA-BAS1 fusion (p2099) or unfused lexA (pEG202). (C) Strains Y06015 (bas1 ADE5,7), Y1168 (bas1 ade5, 7) , and Y03803 (bas2), transformed or not with a plasmid carrying lexA-BAS1 (p2099) as indicated, were cultured in the presence of a low or high concentration of adenine. Total yeast protein extracts were prepared and subjected to Western blot analyses with antibodies against Bas1p or Bas2p, as described in Materials and Methods. The crossreacting bands are marked by asterisks. the cell unable to sense the signal should lead to dominant derepression of SAICAR synthesis, and thus the study of dominant BRA mutations was undertaken.
Dominant purine-excreting BRA11 mutations are allelic to ade4. In the original screen, 15 BRA mutations were found to be fully or partially dominant (13) , and 6 of these mutants excreted purines into the medium, as determined by crossfeeding experiments (Fig. 6A) . The excreted compounds were analyzed by chromatography. The excretion profiles showed two major additional peaks compared to the isogenic wild-type strain profile (Fig. 6B) . These peaks were identified as hypoxanthine and inosine by their specific retention times before and after treatment with purine nucleoside phosphorylase or xanthine oxidase, which specifically metabolize inosine to hypoxanthine and hypoxanthine to uric acid, respectively (Fig.  6B) .
One of the dominant mutations, named BRA11-1 (mutant 127), was studied further. The mutant showed derepressed expression of an ADE1-lacZ fusion, and this phenotype was found to be dominant (Fig. 7A) , while the purine excretion phenotype was recessive (Fig. 7B) . The BRA11-1 mutant was crossed to the BY4741 wild-type strain, and both derepression and excretion phenotypes were monitored in the meiotic progeny (18 tetrads). As expected, the derepression phenotype
FIG. 5. Effect of mutations in ADE13
and BRA11 on interaction between Bas1p and Bas2p in a two-hybrid assay. (A) Strains PLY121 (wild type), 124 (ade13), and 127 (BRA11-1) were cotransformed with a plasmid carrying the lexAop-lacZ fusion (pSH18-34), a plasmid carrying the BAS2-VP16 fusion (P2013), and a plasmid carrying either a lexA-BAS1 (p2099) or a lexA-GAL4 (pSH17-4) fusion. Cells were grown in SC medium lacking histidine, uracil, and leucine and in the absence (no ade) or presence (high ade) of 0.3 mM adenine. ␤Gal assays were performed as described in Materials and Methods. (B) Strains PLY121 (wild type), 124 (ade13), and 127 (BRA11-1) were transformed with a plasmid carrying the ADE1-lacZ fusion (P115). ␤Gal assays were done as described in Materials and Methods after growth for 6 h in SD casa medium lacking uracil, in the absence (no ade) or presence (high ade) of 0.3 mM adenine.
FIG. 6. BRA11-1 excretion analysis. (A)
The wild-type (wt) strain PLY121 and the BRA11-1 strain 127 were spotted on a lawn of strain Y1161 (ade1) plated on purine-free SC medium. Purine excretion was monitored after 3 days at 30°C. (B) HPLC analysis of excreted purine compounds. Wild-type and BRA11-1 strains were grown in adenineand uracil-free SC medium. Cells were then harvested, and the medium was filtered. Separation of purine compounds was achieved by HPLC and monitored by following absorbance at 260 nm at the column end. Wild-type (a) and BRA11-1 (b) growth medium was analyzed. BRA11-1-specific peaks were identified as hypoxanthine and inosine by their retention times and after treatment with purine nucleoside phosphorylase (c), which metabolizes inosine to hypoxanthine, and xanthine oxidase (d), which metabolize hypoxanthine to uric acid. Arrows indicate the identified peaks. Abbreviations: Hyp, hypoxanthine; Ino, inosine; Ua, uric acid.
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on July 3, 2017 by guest http://mcb.asm.org/ segregated 2:2 in the cross and cosegregated with the purine excretion phenotype (data not shown). Interestingly, one such dominant purine-excreting mutant had been described previously as carrying a PUR6 mutation which was shown to be allelic to ade4 (1, 22) . We therefore tested whether BRA11-1 could be allelic to ade4. The BRA11-1 mutant was crossed to the Y00888 strain, in which ADE4 is disrupted by a geneticin resistance cassette (ade4::kanMX4) and to the isogenic wild-type control BY4741 (ADE4). Purine excretion was observed only in the BRA11-1/ade4 diploid (Fig.  7B) . Linkage between BRA11-1 and ade4 was then estimated by sporulating the BRA11-1/ade4::kanMX4 diploid. Among 35 tetrads, the 2 geneticin-sensitive spores were excreting purines into the medium, demonstrating that BRA11-1 is tightly linked to ade4. Finally, expression of the ADE1-lacZ fusion was also tested in the original PUR6 mutant (1) and found to be deregulated (data not shown). Therefore, PUR6 and BRA11-1 behaved very similarly. Finally, the five other dominant purine excretion mutations were shown to be alleles of ADE4 (see Materials and Methods for details).
We also observed that overexpression of wild-type ADE4 resulted in both purine excretion (Fig. 8A) and derepression of the ADE1-lacZ fusion, while overexpression of other ADE genes had no effect (Fig. 8B) . Therefore, either dominant mutations or overexpression of the ADE4 gene results in purine excretion and derepression of the ADE genes. These results suggested an important role for ADE4 in regulation of the ADE genes and was interpreted as a consequence of increased were transformed with an ADE1-lacZ fusion (P115). Expression of the ADE1-lacZ fusion was monitored by measuring ␤Gal activity in the two diploid strains after growth for 6 h in the presence (high ade) or absence (no ade) of adenine. (B) Purine excretion phenotype in various diploid backgrounds. The BRA11-1 mutant and isogenic wild-type (wt) strain PLY121 were crossed to isogenic strains either wild-type (BY4741, ADE4) or disrupted for ADE4 (Y00888, ade4) . The resulting diploid strains were assayed for cross-feeding of a lawn of ade1-homozygous diploid cells (Y1161). Purine excretion, resulting in growth of ade1 red-pigmented colonies, was monitored after 3 days at 30°C.
FIG. 8. Effect of ADE4 overexpression. (A)
Purine excretion phenotype of strain overexpressing the ADE4 gene. The wild-type (wt) strain BY4742 transformed either with a control plasmid (pCM189) or with a plasmid expressing the tet-ADE4 fusion (P1933) was spotted on a lawn of ade1-homozygous diploid cells (Y1161) plated on purine-free SD casa medium. Purine excretion was monitored after 7 days at 30°C. (B) Effect of overexpression of several ADE genes on activation of ADE1-lacZ. The wild-type strain BY4742 was cotransformed with a plasmid carrying the ADE1-lacZ fusion (P115) and a 2m plasmid carrying one of the following genes: ADE4 (pPM13) , or the corresponding empty vector (YEp13). ␤Gal assays were performed on the transformed strains grown for 6 h in the absence (no ade) or presence (high ade) of 0.3 mM adenine. (C) Effect of overexpression of ADE4 on activation of the ADE1-lacZ fusion in the ade5,7 mutant strain. Yeast strains BY4741 (wild type) and Y04601 (ade5,7) were cotransformed with a plasmid carrying the ADE1-lacZ fusion (P115) and a 2m plasmid carrying the ADE4 gene (pPM13) or the corresponding empty vector (YEp13). ␤Gal assays were performed after 6 h of growth in SC medium in the presence of adenine at either a low (0.025 mM, low ade) or high concentration (0.3 mM, high ade), as described in Materials and Methods. metabolic flow through the pathway, resulting in increased synthesis of both SAICAR and IMP: the former leading to constitutive transcriptional activation by Bas1p and Bas2p, and the latter being degraded to inosine and hypoxanthine and ultimately excreted into the medium. The dominance effects observed in the heterozygous BRA11-1/wild-type diploid (Fig.  7) are interpreted as follows: synthesis of SAICAR in this strain is efficient enough to result in dominant deregulation of ADE1-lacZ, while IMP synthesis is not sufficient to lead to detectable purine excretion.
Ade4p is the sensor of purine nucleotides. Since ADE4 encodes the first committed step of the pathway, it was tempting to assume that it could play a critical role in ADE gene transcriptional regulation by modulating the synthesis of the coactivator SAICAR. Should this hypothesis be correct, dominant ADE4 mutations or overexpression of ADE4 should be hypostatic to mutations blocking the synthesis of SAICAR. This prediction was assayed by overexpressing ADE4 in wild-type and ade5,7 strains. We observed that overexpression of ADE4 had no effect on the low expression of ADE1-lacZ in the ade5,7 strain (Fig. 8C ).
An important additional prediction would be that Ade4p enzymatic activity should be inhibited by ADP (or a derivative), previously shown to be the effector for adenine repression (13) . This was investigated by in vitro measurement of Ade4p activity. This activity was hardly detectable in a wildtype strain, and the enzyme could not be efficiently purified in an active form from Escherichia coli. We therefore measured it in an ade4 knockout mutant strain (Y00888) carrying either a control plasmid (pCM189) or an ADE4 overexpression plasmid (P1933). In the absence of added nucleotides, Ade4p activity was not detectable in the ade4 strain transformed with the control plasmid and was 52.3 Ϯ 5.6 U (nanomoles of glutamate formed per minute per milligram of protein) in the ADE4-overexpressing strain. As shown in Fig. 9A , only ADP, ATP, and, to a lesser extent, GTP had an effect on Ade4p activity. AMP, GMP, and GDP had no inhibitory effect even at high concentration (5 mM). For ADP, ATP, and GTP, a greater range of concentrations were tested, confirming that ADP and ATP are better inhibitors of Ade4p than GTP (Fig.  9B) . From these data, we conclude that ADP and ATP produced from extracellular adenine regulate synthesis of the coactivator SAICAR through inhibition of the first enzymatic step of the pathway.
Does SAICAR directly affect Bas1p-Bas2p interaction? The major remaining question is how SAICAR affects the interaction between Bas1p and Bas2p. This question was addressed using purified Bas1p and Bas2p from E. coli. We first assayed whether SAICAR could enhance cooperative binding of the two proteins to the ADE5,7 promoter (32) . No such cooperative binding could be found in previous studies on the HIS4 promoter (40) or ADE1 and ADE17 promoters (our unpublished data). Clearly, the addition of SAICAR or AICAR did not result in any cooperative binding (Fig. 10A) . We then used a fragment of the ADE5,7 promoter allowing binding of Bas1p but not of Bas2p (32) to test whether, when Bas1p can bind to the probe, SAICAR (or AICAR) could promote the formation of a Bas1p-Bas2p complex in vitro. As shown in Fig. 10B , no supershift could be detected that would suggest the formation of such a complex. We therefore conclude that SAICAR (or AICAR) is not likely to directly promote the interaction between the two transcription factors.
DISCUSSION
In this paper we show that transcriptional regulation of the AMP biosynthesis genes is intimately connected to feedback inhibition of the first step of the pathway. A model of this regulation is presented in Fig. 11 . In adenine-replete cells (Fig.  11A ), ADP and ATP synthesis from adenine leads to feedback inhibition of Ade4p, which is the controlling enzyme of the pathway. Lower Ade4p activity results in decreased synthesis of SAICAR and reduced interaction between Bas1p and Bas2p. Consequently, transcriptional activation of the ADE genes, including ADE4, is less efficient, and the amount of Ade4p decreases, further diminishing SAICAR synthesis. However, SAICAR synthesis will never be turned down totally because part of ADE gene transcription is Bas1p and Bas2p   FIG. 9 . Inhibitory effect of purine nucleotides on glutamine PRPP amidotransferase activity. Yeast strain Y00888 (ade4) was transformed with the P1933 plasmid constitutively overexpressing Ade4p. Yeast protein extracts were prepared as described in Materials and Methods. Glutamine PRPP amidotransferase (Ade4p) activity was measured for 10 min at 37°C in either the absence (No) or the presence of different nucleotides at 5 mM (A) or at increasing concentrations of various nucleotides (B). The rate of glutamate formation was then determined by the glutamate dehydrogenase method as described in the text. The PRPP-dependent Ade4p activity measured in the absence of nucleotide is 52.3 Ϯ 5.6 nmol of glutamate/min/mg of protein (100% activity). No activity was measurable when the ade4-disrupted yeast strain was transformed with the pCM189 empty vector. Results are averages of three to nine independent experiments. independent (6). This residual synthesis of the pathway enzymes in adenine-replete cells will allow reactivation of the pathway when adenine in the growth medium becomes limiting. Under such conditions (Fig. 11B) , less ADP and ATP will be available, and inhibition of Ade4p activity will be less efficient, leading to increased synthesis of SAICAR and transcriptional activation of the ADE genes. This activation will in turn increase the enzyme level and the flow through the pathway and finally result in increased ADP and ATP synthesis until the system has reached a new equilibrium, leading to high expression of the ADE genes in the absence of adenine. This expression level is not the highest possible one, since in the ade13 mutants, in which SAICAR is poorly metabolized, expression of the ADE genes is higher than in the wild-type strain. Therefore, in wild-type cells, SAICAR appears to be limiting for activation by Bas1p and Bas2p.
How does SAICAR affect interaction between Bas1p and Bas2p? The in vivo SAICAR-dependent Bas1p-Bas2p interaction, observed in the two-hybrid assay, suggests that DNA binding of these factors is not required for the interaction. We found that SAICAR did not promote cooperative DNA binding of the two factors and was not sufficient to complex Bas2p to DNA-bound Bas1p. We therefore believe that SAICAR itself might not interact directly with the transcription factors but requires a protein intermediate that has not yet been identified or would need to be further metabolized. Indeed, AICAR was found in its di-and triphosphate forms in Salmonella enterica serovar Typhimurium and as such was proposed to play an important signaling role in folate metabolism (3). Yeast ade16 ade17 double mutants cannot metabolize AICAR and presumably accumulate it. Such double mutants were shown to deregulate ADE gene transcription (Fig. 3C) , suggesting that AICAR could either play a signaling role similar to that of SAICAR or that AICAR accumulation could feedback inhibit adenylosuccinate lyase and result in SAICAR accumulation, thus phenocopying an ade13 mutation. Indeed, we found that AICAR can feedback inhibit Ade13p activity, and the 50% inhibitory concentration was estimated to be 65 M (data not shown).
Other cases of metabolic intermediates activating yeast transcription factors have been reported. For example, ␣-isopropyl malate was shown to be required for transcription activation by Leu3p (38) and either orotate or dihydrorotate activates Ppr1p-dependent transcription (8) . Therefore, utilization of Electrophoresis mobility shift assays were done as described in Materials and Methods. GST-HA-Bas1p and Bas2p purified from E. coli were incubated for 15 min at room temperature with 100 M SAICAR or AICAR. Samples were then incubated for 15 min with the ADE5,7 promoter-radiolabeled probe and separated on a 4% nondenaturing gel. The gel was dried, and radioactivity was revealed by autoradiography. (A) Effect of SAICAR and AICAR on cooperative in vitro binding of Bas1p and Bas2p to the ADE5,7 promoter. The probe was an 81-bp fragment spanning the region between nucleotides Ϫ212 and Ϫ131 in the ADE5,7 promoter, containing both Bas1p and Bas2p DNA-binding sites (32) . The complexes marked by an asterisk were only observed in the presence of both Bas2p and GST-HA-Bas1p and may therefore correspond to the binding of both proteins to the probe. Amounts of proteins added are indicated in arbitrary units. (B) Effect of SAICAR and AICAR on in vitro binding of Bas2p to Bas1p on the ADE5,7 promoter. The probe was a 22-bp oligonucleotide spanning the region between oligonucleotides Ϫ191 and Ϫ169 in the ADE5,7 promoter, containing only the Bas1p DNA-binding site (32) . small molecules, which are metabolic intermediates, as coactivators appears to be an efficient regulatory strategy developed during evolution. Indeed, such a strategy combines high specificity and sensitivity, since the coactivator is involved in a single metabolic pathway and its synthesis can be tightly regulated by other means.
In yeast, regulation of the AMP biosynthesis pathway coactivator depends on feedback inhibition of Ade4p catalyzing the first step of the pathway. Ade4p is regulated by both ADP and ATP, which were previously found to be important signal molecules in the adenine response process (13) . A previous study on partially purified yeast glutamine PRPP amidotransferase has shown that this enzyme is feedback inhibited by AMP, ADP, and ATP. In this study, AMP was the most effective inhibitor (33), whereas we found (this work) that AMP did not have any major inhibitory effect (Fig 9A) . The difference between these two results could be due to the partial purification of the enzyme in the study by Satyanarayana et al. (33) , while our study was done with total yeast protein extract.
Another report on Ade4p activity measured in total yeast protein extract by Nieto and Woods (27) revealed that AMP has a significant inhibitory effect only at very high concentrations (88% inhibition at 20 mM AMP), which are far from physiological concentrations. Indeed, in yeast, the ATP concentration is in the millimolar range (17, 20) , and it is more abundant than ADP and AMP: the ATP/ADP ratio is about 5, and the ATP/AMP ratio is Ͼ20 (17, 20, 42) . Therefore, under physiological conditions, AMP is not likely to play a critical role in Ade4p regulation, and we believe that ATP is most probably the important molecule responsible for regulation of Ade4p activity. This assumption is in good agreement with genetic studies showing that ADP, or a derivative of ADP, is the important molecule for regulation by adenine (13) . This work constitutes the first description of AMP biosynthesis gene regulation in a eukaryotic organism. In prokaryotes, repression of pur operons by extracellular purine is achieved by very different processes. In E. coli, a specific repressor named PurR binds to its target site and represses transcription only when the corepressor hypoxanthine or guanine is present; therefore, in this bacterium, the purine bases are directly regulating transcription (31) . In Bacillus subtilis, the regulation is less direct. The repressor interaction with its binding site is inhibited by PRPP. Since the synthesis of PRPP is itself regulated at the enzymatic level by ADP, it therefore responds to the presence of extracellular adenine, which modulates ADP levels (41) . It is striking that this highly conserved metabolic pathway is tightly regulated by extracellular bases in bacteria and yeasts, although through very different mechanisms.
Could the mechanism described in S. cerevisiae and involving SAICAR apply to mammals? Interestingly, accumulation of SAICAR has been reported in adenylosuccinate lyase-deficient patients and was associated with autism (36) . Strikingly, purine overproduction and uric acid excretion were found for about 20% of autistic patients (28) and could indeed be a consequence of AMP biosynthesis deregulation. Moreover, retroinhibition of human amidophosphoribosyltransferase by purine nucleotides was shown to play an important role in regulation of the de novo pathway and cellular proliferation (43) . The mechanism of AMP biosynthesis regulation described in yeast could therefore give important clues to its mammalian counterpart and elucidate its possible implication in pathologies. 
